E ndovascular interventions on the lower extremity arteries are limited by high rates of restenosis, leading to repeat procedures with high costs and diminished patient quality of life. 1,2 Balloon angioplasty, the most cost effective treatment of infrainguinal atherosclerosis, has a binary restenosis rate as high as 40% to 60% at 1 year. 3 Although some trials have demonstrated a short-term benefit with bare metal stents or covered stent-grafts, mid-to long-term results are mixed and the best results have consistently been demonstrated with short lesions. 3-6 Adjunctive local drug delivery via drugcoated balloons and drug-eluting stents has been proposed to improve outcomes, and early clinical results seem promising. 7-9 However, limitations unique to each of these drug delivery platforms may limit their clinical effectiveness in human superficial femoral arteries (SFA).
periphery. 13 Nonstent-based platforms, such as drug-coated balloons, partially overcome these limitations by avoiding a permanent foreign body in the SFA. However, poor efficiency and unreliable release kinetics may limit their effectiveness. 14 To address these challenges, we established an adventitial drug delivery program designed to deliver therapeutic agents to the target vessel injury site using a microinfusion catheter that has been used safely in human clinical trials. 15 Theoretical advantages of this approach include the creation of an adventitial depot where drug is concentrated in the adventitia and media with relative sparing of the endothelial cells, direct targeting of potential neointimal progenitor cells in the outer media/adventitia interface and attenuation of adventitial inflammation. [16] [17] [18] In this article, we propose that a novel albumin-bound rapamycin nanoparticle (nab-rapamycin) can be delivered safely to the SFA adventitia and reduce femoral artery luminal stenosis in a porcine balloon injury model.
Methods

Animals and Animal Care
Eighteen juvenile male Yorkshire cross pigs (mean weight, 34.7±3.3 kg) were included. For each procedure, pigs were anesthetized with ketamine (15 mg/kg IM) and atropine (0.04 mg/kg IM), intubated and kept under general anesthesia with isoflurane. After receiving antibiotics (cefazolin 25 mg/kg IV), open carotid artery access was secured, and heparin 5000 U IV was administered. After an angiogram, femoral artery injury, and adventitial injection (see below), the carotid artery access was repaired, and the animals were awoken from anesthesia. Postoperatively all animals received buprenorphine (0.03-0.05 mg/kg IM every 6-12 hours) for pain control, antibiotics (ceftiofur 3-5 mg/kg IM daily for 5 days), aspirin 81 mg daily, and normal pig chow. Blood samples were drawn preoperatively and postoperatively at 5 minutes, 20 minutes, 1 hour, 24 hours, and just before artery collection.
At the end of the study period, animals were anesthetized with ketamine (15 mg/kg IM) and atropine (0.04 mg/kg IM), intubated, and kept anesthetized with isoflurane. Open carotid artery access was secured followed by the administration of heparin 10 000 U IV and performance of a diagnostic angiogram to assess femoral artery patency. The animals were then euthanized with intravenous KCl solution (2 mEq/kg).
The animal care protocol was reviewed and approved by the Institutional Animal Care and Use Committee at ISIS Services LLC (San Carlos, CA).
Development of Porcine Femoral Artery Balloon Angioplasty Injury Models
As there are no established and validated peripheral porcine balloon injury models, we initially explored 2 techniques to create a reliable neointimal response. The first was a single-injury model using an angioplasty balloon to overstretch 4 cm of the proximal SFA 40% to 60% (3 inflations for 30 seconds each) to induce a high-level injury. The second was a double-injury model designed to create a diseased substrate before overstretch. In this model, an endothelial denudation injury was created with a compliant embolectomy balloon (Edwards Lifesciences, Irvine, CA) inflated to 2 atm and dragged 3× through the entire length of the target SFA. Two weeks later, balloon angioplasty was performed to overstretch 4 cm of the proximal and distal SFA (2 injury sites per femoral artery) by 20% to 30% (3 inflations for 30 seconds each).
Microinfusion Catheter
The Bullfrog Micro-Infusion Catheter (Mercator Medsystems, San Leandro, CA) is an US Food and Drug Administration (FDA) 510(k)-cleared, rapid-exchange, wire-guided catheter with a balloonsheathed 0.9 mm long, 130 µm diameter (35 gauge) needle for delivering infusions to adventitial and perivascular tissues ( Figure 1A ). On inflation of the balloon, a pressure-valve apparatus on the catheter maintains a pressure of 2 atm to avoid barotraumas, and the needle is unsheathed. With the inflated balloon providing an opposing force, the needle passes through the artery wall into the adventitia. A mixture of infusate and contrast (4:1) is delivered to the adventitia under fluoroscopic guidance at a rate of 1 mL/min ( Figure 1B ). After injection, the balloon is deflated, thereby sheathing the needle and allowing the catheter to be withdrawn. Previous studies have demonstrated that a single circumferential adventitial injection (grade A, Figure 1C ) can deliver a therapeutic dose of drug to the entire adventitia of a 5 cm length of artery, and additional injections can be performed when a >5 cm treatment length is needed. 16
Nab-Rapamycin
Nab-rapamycin is a novel form of rapamycin complexed with albumin protein to create stable nanoparticles that are ≈100 nm in size. Unlike pure rapamycin, which is water insoluble, nab-rapamycin is freely dispersible in saline and easily injected. In preclinical studies with mouse xenograft cancer models, nab-rapamycin has shown an excellent efficacy and safety profile. 19 In a phase I trial in patients with solid tumors, nab-rapamycin demonstrated activity in advanced metastatic disease and an excellent safety profile at its maximum tolerated dose of 100 mg/m 2 (Neil Desai, PhD, unpublished data, 2012). In this report, doses of nab-rapamycin refer to the amount of rapamycin administered. • Balloon angioplasty induces inflammation in the artery adventitia, which is associated with the development of intimal hyperplasia and restenosis.
Femoral Artery Balloon Injury and Adventitial Injection
• Rapamycin is known to reduce restenosis, but drugeluting stents in the femoropopliteal arteries have not demonstrated a benefit.
WhAT ThE STuDy ADDS
• A novel, saline-dispersible form of rapamycin, nanoparticle albumin-bound rapamycin (nab-rapamycin), is safe when injected in the femoral artery adventitia using an endovascular microinfusion catheter in a porcine animal model.
• Adventitial injection of nab-rapamycin 500 µg at a femoral artery balloon angioplasty injury site in a pig model is associated with a significant reduction in luminal stenosis and medial fibrosis at 28 days. under fluoroscopy ( Figure 1A and 1B). Adventitial infusions were graded on a 5-point scale for coverage and location ( Figure 1C ). After adventitial infusion, the microinfusion catheter was withdrawn, and a completion angiogram was performed. For cases of severe vasospasm from the angioplasty injury, intra-arterial nitroglycerin (100-200 µg) was injected.
The adventitial infusate consisted of sterile normal saline (control) or 500 µg of nab-rapamycin (Abraxis Bioscience, LLC, a wholly owned subsidiary of Celgene Corp, Summit, NJ) reconstituted in sterile normal saline. Preliminary in vivo dose finding experiments with adventitial nab-rapamycin injection of 5, 50, or 500 µg in a double-injury model determined the greatest efficacy with a 500 µg dose (data not shown).
Pharmacokinetic Analysis
The pharmacokinetic analysis was performed using a liquid chromatography/tandem mass spectroscopy (LC/MS/MS) technique (Bioanalytical Systems, McMinnville, OR) on whole blood samples, and femoral arteries treated with a single-injury model and an adventitial injection of nab-rapamycin 500 µg. For whole blood samples, an internal standard was added followed by a liquid-liquid extraction and evaporation of the organic layer to dryness using nitrogen. After reconstitution, samples were analyzed using high performance LC with gradient elution from the analytic column using a mobile phase starting of acetonitrile, 0.1% formic acid, and other additives. Detection by MS/MS incorporated an electrospray interface in positive ion mode. The range of the assay was 0.1 to 100 ng/mL of blood.
For the artery analysis, animals were euthanized, the femoral arteries flushed with 1 L of lactated Ringer solution and then 5 cm of femoral artery, and surrounding perivascular tissue was centered on the injection site was collected. Each artery was sectioned at 10 mm intervals with half of each section snap frozen at −70°C for the rapamycin analysis and half placed in 10% buffered formalin for histology. After thawing, the sample was minced and homogenized with a KH 2 PO 4 buffer. A precipitation reagent containing the internal standard was added, and the supernatant was then analyzed with the LC/MS/MS technique used for whole blood. The range of the assay was 0.1 to 100ng/mL in tissue homogenate and is reported as ng/g of tissue.
histomorphometry Analysis
All femoral arteries in the histomorphometry analysis were collected 28 days after a double-injury model and adventitial injection of saline or nab-rapamycin. Animals were euthanized, and the femoral arteries were flushed with 1 L Lactated Ringer solution followed by perfusion fixation with 10% buffered formalin at 120 mm Hg pressure for 10 minutes. The injection site was marked, and the femoral artery and its adventitia were sharply dissected 5 cm proximal and distal to the injection site. The artery was then sectioned and labeled at 0.5 cm intervals. Artery sections were embedded in paraffin, cut at 5-µm thickness onto slides and stained with hematoxylin and eosin or Masson trichrome.
Images of hematoxylin and eosin and Masson trichrome stained slides were captured with a Zeiss Axio ImagerA1 microscope and Axio MRc5 camera (Carl Zeiss Microscopy, Jena, Germany). Quantitative image analysis for artery histomorphometry was performed with National Institutes of Health ImageJ software (version 1.43). Measured parameters included the circumference and area of the artery lumen, internal elastic lamina, external elastic 
histology Analysis
Femoral artery sections treated with a single-injury model and adventitial injection of saline or nab-rapamycin were collected at 3 and 8 days after injury. Arteries were fixed in 10% buffered formalin, embedded in paraffin, sectioned at 0.5 cm intervals and stained with hematoxylin and eosin or Masson trichrome. Arteries from the 28-day histomorphometry analysis also underwent histology analysis. To focus on the effect of nab-rapamycin on artery segments with demonstrable balloon angioplasty injury, 3 cm of contiguous artery sections centered on the injury/injection site were analyzed. Two femoral artery injury/injection sites were analyzed for each pig. In the double injury model, the 2 injury/injection sites (left proximal/ distal and right proximal/distal SFA) with the highest injury scores were analyzed.
A semiquantitative analysis of artery wall injury, inflammation, fibrin/thrombus, hemorrhage, and medial fibrosis was performed on both hematoxylin and eosin and Masson trichrome stained sections using published 4-point scales. 20 To assess cellular proliferation, Ki-67 immunohistochemistry staining (mouse monoclonal M7240, Dako, Denmark) was performed, and a proliferation index was calculated as the number of Ki-67-positive cells /500 cells per high-power field (400×). Endothelial cell coverage was assessed using a 4-point semiquantitative scale of the extent and intensity of factor VIII immunohistochemistry staining (rabbit polyclonal A0082, Dako, Denmark). The number of adventitial microvessels was counted in each arterial section. Because of the eccentric distribution of adventitial leukocytes, each arterial section was divided into 4 quadrants, and the number of adventitial leukocytes per high-power field per quadrant was counted by hand. The number of adventitial leukocytes per arterial section was calculated as the mean of the 4 quadrants.
Statistical Analysis
Data were assumed to be nonparametric and described as median with interquartile range (IQR). Because multiple artery sections were analyzed from each animal, linear mixed-effects models with maximum likelihood estimates were used to allow for adjustment of variance to account for within-animal and between-animal variability (see online-only Data Supplement). All statistical tests were performed with STATA/SE version 11 (StataCorp, College Station, TX).
Results
Femoral Artery Balloon Angioplasty Injury Models
A comparison of the single-injury (n=2 pigs) and double-injury (n=2) models was performed at 28 days after balloon angioplasty injury. All animals survived to 28 days after femoral artery injury, with equivalent weight gain and no significant adverse events. As expected, after 28 days femoral arteries injured with a double-injury model demonstrated significantly more luminal stenosis. However, at 28 days, there was no difference in the degree of medial fibrosis or inflammation (Table 1) . To investigate the effect of adventitial nab-rapamycin infusion on luminal stenosis, the double-injury model was chosen for a 28-day histomorphometry analysis. Because the single-injury model created less neointimal hyperplasia but similar levels of medial fibrosis at 28 days, while avoiding an extra surgical procedure, this model was chosen for pharmacokinetic studies and early time-point histology analysis.
Injection Parameters and Procedure Safety
Eighteen pigs underwent bilateral femoral artery balloon angioplasty injury and adventitial injection of either saline (control) or 500 µg of nab-rapamycin (Table 2 ). There was 100% procedural success with 32 injection sites, graded immediately after infusion as 28 A, 2 B1, and 2 B2 distributions. Ultimately, distributions that began as B1 or B2 continued to diffuse longitudinally and circumferentially, resulting in grade A distributions within 10 minutes in every case. The average injection time was 90 seconds. There were no dissections, early or late thrombosis, hemorrhagic foci or arteriovenous fistulas of the injected femoral arteries. There were no animal deaths, major infections or systemic signs of rapamycin toxicity. There was no difference in animal weight gain between treatment groups.
Semiquantitative histological analysis demonstrated significantly less endothelial coverage at 3 days after balloon angioplasty injury and nab-rapamycin treatment, but showed no difference in endothelial coverage between control and nab-rapamycin treated arteries at 8 and 28 days (Figure 2 ).
histomorphometry and histology Analysis
Femoral arteries from 4 pigs treated with the double-injury model and adventitial injection (2 control and 2 nabrapamycin) were assessed at 28 days. By 28 days, adventitial nab-rapamycin treatment was associated with a 42% reduction in lumen area stenosis, 17% (IQR, 12%-35%) versus 10% (IQR, 2.5%-9.7%), P=0.001. Total femoral artery vessel area and medial area were similar between control and treated arteries, but control arteries demonstrated significantly greater intimal area and intimal thickness than treated arteries. There were no differences in the artery injury, inflammation, fibrin/ thrombus, or hemorrhage on semiquantitative analysis. However, there was a significant reduction in the extent of medial fibrosis observed with nab-rapamycin treatment, P<0.001 (Table 3 ; Figure 3 ). 
Adventitial Leukocyte Infiltration and Medial Cell Proliferation of the Femoral Arteries
It is known that the injury incurred from balloon angioplasty produces an intense early inflammatory cell infiltrate, which has been correlated with the rate of restenosis. 17 In control femoral arteries, there was a substantial early inflammatory cell infiltrate. Arteries treated with adventitial nab-rapamycin, however, had significantly fewer adventitial leukocytes at 3 days, 130 (IQR, 123-148) versus 92 (IQR, 88-115), P<0.001 (Figure 4) . At 8 days, the number of adventitial leukocytes had decreased slightly in both control and treated arteries, and there was no longer a significant difference between groups. By 28 days, the adventitial leukocyte counts had fallen 60% and 48% in the control and nab-rapamycin groups, respectively. Although there was no difference in adventitial leukocyte count at 28 days, arteries treated with nab-rapamycin had significantly fewer adventitial microvessels and medial fibrosis, suggesting reduced artery wall proliferation and inflammation (Table 3 ). In addition, medial cell proliferation measured by Ki-67 immunohistochemistry staining showed that the proliferation rate in control and nab-rapamycin-treated arteries fell between 8 and 28 days. By 28 days, the proliferation index was significantly lower in nab-rapamycin-treated arteries, 6.5% (IQR, 5.5-7.7) versus 1.5% (IQR, 1.3-2), P<0.001 ( Figure 5 ).
Pharmacokinetic Assay
Eight pigs (2 per time point) were treated with a single-injury model for a pharmacokinetic analysis of nab-rapamycin ( Table 2) . Each pig received bilateral femoral artery injuries and adventitial injections of nab-rapamycin 500 µg (1 mg total nab-rapamycin per pig). At 1 hour after injection, the rapamycin concentration in the femoral artery/perivascular tissues was 1500× higher than the concentration of rapamycin in blood ( Figure 6) . The maximum plasma level of rapamycin was 43 ng/mL (IQR, 30-51 ng/mL) at 1 hour falling to 5.4 ng/mL (IQR, 4.8-5.8 ng/mL) at 24 hours. The tissue concentration initially fell but was stable from 3 to 8 days. At 28 days after injection, rapamycin was no longer measurable in the blood or artery/perivascular tissues.
Discussion
Adventitial delivery of nab-rapamycin after balloon angioplasty injury of a pig femoral artery was safe, efficient, and associated with a significant decrease in percentage luminal stenosis at 28 days, thus establishing the adventitia as a viable reservoir for local drug delivery and alternative to intimal delivery of nab-rapamycin.
By 2 hours after balloon angioplasty, there is an acute adventitial leukocyte infiltration that peaks at 72 hours and represents a major source of the progenitor cells responsible for intimal hyperplasia during the subsequent proliferative and remodeling wound healing phases. 17, 18 In this study, nab-rapamycin was associated with a significant reduction in adventitial leukocytes at 3 days, indicating an attenuation of the early inflammatory response. Barotrauma stimulates the phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin pathway, leading to cell growth, proliferation, and migration, particularly by neutrophils, monocytes, and vascular smooth muscle cells (VSMC). Rapamycin inhibits mammalian target of rapamycin and has been shown to reduce the innate immune response through a direct inhibitory effect on neutrophil proliferation and migration. 21, 22 In addition, rapamycin reduces the expression of inflammation-and adhesion-related genes by VSMC and reduces vascular endothelial growth factor expression and vascular endothelial growth factor-driven angiogenesis. 23, 24 Nab-rapamycin treatment was also associated with a significant reduction in adventitial microvessels, which are thought to be induced by vascular endothelial growth factor and have been linked to neointimal formation and restenosis after vascular injury. 25 One of the most striking histological observations was the reduction in medial fibrosis associated with nab-rapamycin treatment compared with control vessels. To our knowledge, this is the first report of a reduction of vascular fibrosis, the end product of the injury response, with the use of rapamycin. Fibrosis has been associated with late lumen loss after balloon angioplasty attributable to constrictive remodeling, which is likely the result of inflammation induced fibroblast and VSMC activation. 26, 27 Rapamycin has been shown to arrest cell cycle progression and maintain VSMCs in a differentiated phenotype. 28 Interestingly, the profibrotic transforming growth factor-β cell signaling pathway can also stimulate the phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin pathway, leading to increased levels of connective tissue growth factor, a factor associated with fibroblast proliferation, extracellular matrix production, and tissue fibrosis, which can be inhibited by rapamycin. [29] [30] [31] Along with the early anti-inflammatory effects, the direct effect of nab-rapamycin on fibroblasts and VSMC proliferation and migration are likely responsible for the significant reduction in medial fibrosis, neointimal growth, and late luminal stenosis.
A single adventitial dose of 500 µg of nab-rapamycin had beneficial effects after balloon angioplasty with little crossover into the systemic circulation and without evidence of systemic toxicity. Blood concentrations of rapamycin ranged from 43 ng/mL (IQR, 30-51 ng/mL) at 1 hour to 5.4 ng/mL (IQR, 4.8-5.8 ng/mL) at 24 hours, modestly higher than the recommended trough levels of 5 to 15 ng/mL for therapeutic sirolimus therapy after kidney transplant. 32 Simultaneously, the femoral artery/perivascular tissue concentration was >1500× higher than in blood at 1 hour, demonstrating the high efficiency of the microinfusion catheter as a local drug delivery platform. Direct injection of nab-rapamycin into the adventitia delivers the drug into an environment where the highly hydrophobic rapamycin molecules can partition into lipidrich tissues and set up an adventitial drug depot with relative sparing of the endothelium. In addition, binding of the albumin-rapamycin complex to cell surface albumin-binding proteins may increase the intracellular delivery of rapamycin. 33 Remarkably, rapamycin levels in the femoral artery were stable between 3 and 8 days after injection when the adventitial leukocyte count and cell proliferation rate were the highest. At 28 days, rapamycin was not detectable, but nab-rapamycintreated arteries continued to have a significantly lower cell proliferation rate. The durability of this effect is unknown, and these results support the need for further studies.
Artery characteristics, such as the presence of thrombus, have been shown to reduce intimal-based drug delivery to the vessel wall. 34 Injection of nab-rapamycin directly into the adventitia and perivascular space at the site of injury has the advantage of predictable drug delivery and scalable treatment allowing for optimal titration, depending on the extent of disease using a purely transcatheter technique. Similar to previously published reports, 15, 16 this study found that the advantages of adventitial drug delivery did not seem to come at expense of safety: there was no evidence of local toxicity, thrombosis, dissection, hemorrhage, or arteriovenous fistula with adventitial injection. Importantly, delayed endothelialization was not observed with nab-rapamycin injection. This highlights a fundamental difference between adventitial and intimal drug delivery: both approaches target the medial and adventitial cells responsible for intimal hyperplasia, but placing a drug-eluting stents delivers the highest dose of drug directly to the intima, inhibiting endothelialization of the stent struts and increasing the risk of late stent thrombosis. 13, 22 Existing animal models of femoral artery stenosis have been limited by either animal size or the appropriateness of the biological response. Pigs are ideally suited for studies of local drug delivery in the femoral artery because they have large arteries that are similar in diameter to human arteries. In addition, extensive work in coronary arteries has demonstrated that pigs exhibit a healing response similar to human arteries. 35 However, the injury response of porcine femoral arteries to balloon angioplasty is not as robust as other animals. We attempted to increase neointimal formation by adding an endothelial denudation injury and were able to develop a model of SFA balloon angioplasty injury in juvenile cross pigs that demonstrates a modest but significant neointimal response, but the effect remains much less than mouse or rabbit models. In addition, the small library of commercially available pig antibodies limits immunohistochemistry staining to investigate the mechanisms of healing and neointimal formation. Nonetheless, the similarities between pig and human artery size and vessel injury response support the continued development of the preclinical porcine model for investigating novel therapeutics and nonstent-based drug delivery methods to treat femoropopliteal arteries.
This study has several limitations. There is a small sample size, and the stenosis induced by the balloon angioplasty injury with or without endothelial denudation injury was modest. Although pigs with familial or induced hypercholesterolemia have been used to increase stenosis after coronary artery injuries, it is unknown whether these models differ in the stenosis provoked by femoral artery angioplasty. In addition, our results lack time points between 8 and 28 days, which could help further characterize the pharmacokinetic behavior of nab-rapamycin in the adventitia and perivascular tissue as well as the initiation of the intimal hyperplasia and medial fibrotic response. Although the 28-day end point is commonly used and recommended for studying the safety, feasibility, and efficacy of local drug delivery, 20, 35 later time points may also help describe the longevity of the observed effect.
In conclusion, we have demonstrated that local delivery of nab-rapamycin to the adventitia of femoral arteries after balloon angioplasty injury is safe and decreases luminal stenosis. The mechanism of this effect seems to be mediated through decreased inflammation because there were significant decreases in early adventitial leukocytes, adventitial microvessel formation, and medial fibrosis associated with the treatment. 
